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Climate velocities and species tracking in 
global mountain regions

Wei-Ping Chan1,2,3,4, Jonathan Lenoir5, Guan-Shuo Mai1, Hung-Chi Kuo6, I-Ching Chen7,8 ✉ & 
Sheng-Feng Shen1 ✉

Mountain ranges contain high concentrations of endemic species and are 
indispensable refugia for lowland species that are facing anthropogenic climate 
change1,2. Forecasting biodiversity redistribution hinges on assessing whether species 
can track shifting isotherms as the climate warms3,4. However, a global analysis of the 
velocities of isotherm shifts along elevation gradients is hindered by the scarcity of 
weather stations in mountainous regions5. Here we address this issue by mapping  
the lapse rate of temperature (LRT) across mountain regions globally, both by using 
satellite data (SLRT) and by using the laws of thermodynamics to account for water 
vapour6 (that is, the moist adiabatic lapse rate (MALRT)). By dividing the rate of surface 
warming from 1971 to 2020 by either the SLRT or the MALRT, we provide maps of 
vertical isotherm shift velocities. We identify 17 mountain regions with exceptionally 
high vertical isotherm shift velocities (greater than 11.67 m per year for the SLRT; 
greater than 8.25 m per year for the MALRT), predominantly in dry areas but also in 
wet regions with shallow lapse rates; for example, northern Sumatra, the Brazilian 
highlands and southern Africa. By linking these velocities to the velocities of species 
range shifts, we report instances of close tracking in mountains with lower climate 
velocities. However, many species lag behind, suggesting that range shift dynamics 
would persist even if we managed to curb climate-change trajectories. Our findings 
are key for devising global conservation strategies, particularly in the 17 high-velocity 
mountain regions that we have identified.

Mountainous regions represent 25% of Earth’s land surface and are 
rich in biodiversity, owing in part to their steep climatic gradients and 
complex topography1,2. The assumption that mountain species are 
responding faster to anthropogenic climate change through rapid 
upward range shifts leading to potential mountaintop extinctions has 
attracted extensive research3,4,7–9. Whether species are closely track-
ing the rate of climate warming is assessed chiefly by comparing the 
velocities of species range shifts with the velocities of climate change; 
that is, the rates at which isotherms move through the geographical 
space3,4,10–12. Past studies that assessed climate velocities have focused 
mainly on horizontal velocities, in km per year; that is, how fast iso-
therms are moving along the latitudinal and longitudinal clines of the 
horizontal plane (see the seminal work from Loarie et al.12 for terrestrial 
systems; this was then applied to marine systems by Burrows et al.13). 
Because isotherms are located closer to one another in mountainous 
regions, horizontal velocities of isotherm shifts are much slower and 
potentially omnidirectional in mountains, whereas they are much faster 
and oriented mainly poleward in the lowlands13. However, we know that 
climate warming also causes terrestrial species to shift along moun-
tain slopes and thus not only horizontally but also ‘vertically’ when 
projected along elevation gradients—moving at very different speeds 
(usually expressed in m per year), and mainly upward but sometimes 

downward3,14,15. Despite this knowledge, global maps of the velocities 
of isotherm shifts projected along the vertical dimension of elevational 
clines in mountain regions still do not exist. This shortfall stems partly 
from the complex topography and the scarcity of weather stations in 
most mountain ranges globally5,16, which makes it difficult to accurately 
measure vertical velocities of climate change in mountain regions 
worldwide. Therefore, it is still an open question whether mountain 
species better track isotherm shifts vertically in elevation rather than 
horizontally in latitude.

Because we still lack global maps of the velocities at which isotherms 
are shifting vertically along elevation gradients as the climate warms, 
most local studies compute a rough estimate of this vertical projection 
of climate velocities by relying on a constant lapse rate of temperature 
(LRT). The LRT is defined here along mountain slopes as the normal-
ized temperature difference at approximately 2 m above ground level 
between a low-elevation and a high-elevation weather station and thus 
it differs from a sensu stricto vertical lapse rate measured above a single 
geographical position. According to the laws of thermodynamics6, the 
LRT is 9.8 °C per km in the case of dry air1,6. Nonetheless, given that 
Earth’s atmosphere is not entirely dry, the LRT experienced by terres-
trial organisms in reality will be less steep than 9.8 °C per km. Because 
of that, most studies that have compared the observed velocities of 
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species range shifts along elevation gradients with the velocities of 
climate change inside a given mountain range inferred the vertical 
shift of isotherms by relying on a constant rate of 5.5 °C per km for the 
LRT11—a constant that is borrowed from limited ground observations 
concentrated in Europe7,17. Using this fixed rate, one can assume that 
if the temperature increases by 1 °C over a given period of time, then it 
is expected that isotherms will move upslope by about 181.8 m during 
that same period, which gives a vertical velocity that varies depend-
ing only on the magnitude of temperature change per unit of time. 
However, the LRT is not constant and varies across elevation gradients 
among mountain ranges as well as within a single mountain range18–21. 
For instance, by using long-term climatology (30-year means) from 
269 weather stations in northern Italy, 205 in the Tyrol area and 166 in 
the Trentin–upper Adige region, covering a wide range of elevations, 
one study21 found that the annual mean of the LRT ranges between 
5.4 and 5.8 °C per km in the Alps. In the southeastern Tibetan Plateau, 
the LRT was estimated22 to reach 8.5 °C per km. This large variation 
in the LRT partly stems from water vapour pressure because if the air 
condenses moisture as it cools—for example, in cloud forests—it gains 
some heat from condensation, which slows the cooling rate. Thus, 
moisture and surface temperature generate spatial variability in the 
LRT and consequently also generate spatial variation in the velocities 
at which isotherms may shift along mountain slopes as the climate 
warms by a given amount of temperature increase. Assessing mountain 
climate velocities by explicitly considering the determinants of the 
LRT is a crucial step in improving our understanding of species range 
shifts under anthropogenic climate change. Here, instead of relying on 
a constant LRT value of 5.5 °C per km in the Alps or of 8.5 °C per km in 
the Himalayas, we propose two different methods to map the spatial 
variation in the LRT, and we generate more meaningful estimates of the 
vertical velocities of isotherm shifts in mountain systems worldwide. 
First, we use satellite observations of land surface temperatures at fine 
spatial resolution to compute a satellite-derived version of the LRT 
(SLRT), based on local slope estimates of the relationship between 
temperature and elevation (Fig. 1a and Extended Data Fig. 1); and sec-
ond, we use a more mechanistic approach based on the moist adiabatic 
LRT (MALRT), building on the laws of thermodynamics6 (Fig. 1c and 
Extended Data Fig. 2a,b). By combining information on the spatial 
variation of the SLRT and the MALRT at relatively fine spatial resolution 

worldwide with data on the magnitude of temperature change over 
time per spatial unit, we then compute maps of the vertical velocities 
of isotherm shifts in mountain systems: one that is based on satel-
lite observations (SLRT); and one that mechanistically accounts for 
water vapour pressure conditions (MALRT). These two global maps 
of the vertical velocities of isotherm shifts in mountain regions are 
also compared to a third naive map that is based on a constant LRT of 
5.5 °C per km. By using these global velocity maps, we subsequently 
identify the mountain regions with the highest vertical velocities of 
isotherm shifts in the world, and we quantify the variation in velocity 
values along several elevation gradients worldwide. Finally, we relate 
those vertical velocities of isotherm shifts, in m per year, to empirical 
observations of species range shifts, also in m per year, along several 
elevation gradients in mountain systems worldwide.

We found that there was very large spatial variation when mapping 
the lapse rate at a global extent (Fig. 1), either from satellite obser-
vations (SLRT; Fig. 1b) or from the laws of thermodynamics (MARLT; 
Fig. 1d), with values ranging (at the 5th and 95th percentiles) from 
−5.14 to 8.45 °C per km and from 2.94 to 8.09 °C per km, respectively. 
Although the two global maps show a certain degree of spatial agree-
ment (Supplementary Results), the SLRT shows much shallower lapse 
rates than does the MALRT in mountain regions that are located at 
higher latitudes, such as in northeastern Siberia, Alaska and north-
western Canada (Fig. 1b,d). The mountain regions showing the steepest 
lapse rates are located in the Himalayas, with values that are very con-
sistent with the values recently reported for the southeastern Tibetan 
Plateau, which range between the values of free-air dry (10 °C per km) 
and moist (6.5 °C per km) adiabatic lapse rates22. For comparison pur-
poses and external validation, we also extracted data from the Global 
Historical Climatology Network23, focusing on empirical field data 
recorded by weather stations situated in mountain regions worldwide. 
We manage to obtain temperature lapse rates from 144 weather sta-
tions (station-based LRT; see Methods) across a total of 48 mountain 
sites from 2011 to 2019 (Extended Data Fig. 3a). This validation exer-
cise confirms that there are very few mountain regions worldwide in 
which the network of weather stations is dense enough along mountain 
slopes (n > 2) to compute the LRT. Nevertheless, we found a positive 
relationship between the station-based LRT calculated from these 
very limited networks of weather-station data and our computations 
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Fig. 1 | Assessing the adiabatic LRT either through satellite observations 
(SLRT) or by using a mechanistic approach that accounts for water vapour 
(MALRT). a, An example mountain range in Taiwan with a series of elevation 
transects, in red, defined by the highest peak at one end of the gradients and 
several foothills and valleys at the other end of the gradients. The background 
raster layer depicts the mean elevation (in m above sea level) for each spatial 
unit of 0.05° (around 5 km at the equator) resolution. Details can be found in 
the Methods and in Extended Data Fig. 1. b, Global map of the SLRT, generated 

at 0.5° (around 50 km at the equator) resolution across all mountain regions 
worldwide (except Antarctica) using satellite observations from 2011–2020.  
c, Three-dimensional plot showing the effect of mean annual temperature and 
mean annual water vapour pressure on the absolute magnitude of the MALRT 
(in °C per km). d, Global map of MALRT, generated at 50-km resolution across 
all mountain regions worldwide (except Antarctica) using climatic data from 
2011–2020. Note that the colour scheme does not show the full range of data to 
prevent highly skewed visualization driven by extreme outliers.
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of the MALRT (linear regression, F1, 46 = 5.54, p = 0.02, R2 = 0.108, n = 48, 
Extended Data Fig. 3a). By contrast, the relationship between the 
SLRT and the station-based LRT did not reach statistical significance  
(linear regression, F1,46 = 0.774, P = 0.38, R2 = 0.017, n = 48; Extended 
Data Fig. 3b). Owing to the relative scarcity of weather-station data and 
the fact that these data are concentrated mainly in North America and 
Europe, our subsequent analyses will focus solely on our computations 
of the MALRT and the SLRT.

After combining maps of the spatial variation in the LRT with data on 
the rate of temporal changes in mean annual temperature (Extended 
Data Fig. 2c), we found notable differences in the vertical velocities 
(in m per year) of isotherm shifts depending on the approach we used 
(Fig. 2), with the constant LRT-based and MALRT-based estimates gen-
erally yielding conservative climate velocities and the SLRT-based 
climate velocities showing the greatest variability. Velocity values for 
the SLRT-based map ranged from highly negative (−26.01 m per year; 
at the 5th percentile) to highly positive (34.08 m per year; 95th per-
centile) (Fig. 2g–i). By contrast, the MALRT-based map shows velocity 
values ranging (at the 5th and 95th percentile) from 1.81 m per year to 
10.83 m per year. When we combined the SLRT-based velocity map 
with the MALRT-based velocity map to reach a consensus map on the 
mountain regions most threatened by climate change (Methods and 
Fig. 3a,b), we found that 32% of the surface area covered by mountains 
worldwide, Antarctica excluded, is exposed to high vertical veloci-
ties of isotherm shifts that exceed the 80th percentile by either the 
MALRT (80th percentile: 8.25 m per year; Fig. 3) or the SLRT (80th 
percentile: 11.67 m per year; Fig. 3). We delineated 17 mountain regions 
that are partly exposed to high vertical velocities, including those in 

the Alaska–Yukon region, western America and Mexico, Appalachia, 
the Brazilian highlands, Greenland, Scandinavia, the Mediterranean 
basin, southern Africa, the Ural mountains, the Iran–Pakistan region, 
the Putorana mountains, Mongolia, northern Sumatra, the Kodar moun-
tains, Yakutiya, northeast Asia and Kamchatka (Fig. 3c and Supplemen-
tary Data 1). Intuitively, higher rates of warming lead to higher vertical 
velocities of isotherms shifting faster along elevation gradients. This is 
the case chiefly in dry regions with a low water vapour pressure, such 
as Greenland, the Putorana Plateau in northern Siberia, Kamchatka, 
Mongolia and the Alaska–Yukon region—owing probably to the limited 
heat capacity of these arid areas24,25 (Fig. 3d). In addition, by relying 
on laws of thermodynamics, we can also anticipate that regions with 
higher surface temperatures and/or higher water vapour pressure 
might also generate high vertical velocities because of shallower lapse 
rates: isotherms will shift faster along such elevation gradients for 
the same amount of temperature change over time. Notably, these 
regions are not necessarily those showing significant surface warming 
over time. For instance, northern Sumatra, the Brazilian highlands, 
southern Africa and Iran–Pakistan are typical representatives of such 
shallow lapse rates with little surface temperature increase (Fig. 3c,d). 
These are mountain regions threatened by high vertical velocities of 
isotherm shifts that have been difficult to detect in the past by surface 
temperature change alone, and thus are particularly worthy of further 
investigation.

We further compared the effects of high warming rates and steep 
temperature lapse rates, which act as compensatory effects on climate 
velocities, between arid and more humid regions. We found that in arid 
mountain regions with a low water vapour pressure, the temperature 
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show the full range of data to prevent highly skewed visualization driven by 
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lapse rate accounts for 3.6% of the observed variation in climate veloc-
ity, whereas changes in surface temperature account for 96.4% of the 
observed variation, on the basis of the random forest analysis we per-
formed. A detailed analysis using the Shapley value further revealed 
that steeper lapse rates have a smaller negative effect on climate veloci-
ties compared with higher warming rates, which increase climate veloci-
ties (Extended Data Fig. 4a). In humid regions, the temperature lapse 
rate accounts for 11.32% of the observed variation in climatic velocity, 
whereas changes in surface temperature explain 88.68% of the observed 
variation, on the basis of the random forest analysis we performed. 
The Shapley value analysis showed that steeper lapse rates still have a 
smaller negative effect on climate velocities than do higher warming 

rates (Extended Data Fig. 4b). Of note, the explanatory power of the 
lapse rate in wet mountains is nearly four times higher than it is in arid 
mountains. This difference is likely to be due to the lower magnitude 
of the surface temperature increase in wetter mountains (Extended 
Data Fig. 4c,d). Although the explanatory power of the lapse rate is, 
in general, relatively much lower than that of the warming rate, the 
striking differences that we found between arid and humid regions, 
in terms of the relative importance, affects the spatial variation that 
we report in the vertical velocity of isotherm shifts.

Focusing on the MALRT-based velocity map, we found a complex 
pattern of elevation-dependent velocities for isotherm shifts (also 
known as climate velocities; Fig. 4), with the highest vertical velocities 
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water vapour pressure during 2011–2020 for each of the 17 mountain regions 
affected by relatively fast vertical velocities of isotherm shifts. Error bars 
represent s.d. See Supplementary Data 1 and ‘Data availability’ for a 
comprehensive breakdown for each region, including sample size information. 
Considering that near-zero SLRT values result in extremely high climate 
velocity, we removed 1% outliers that are close to zero in c. Data with alternative 
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Supplementary Data 3 provides a high-resolution map.
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of isotherm shifts being concentrated at low elevations. This was espe-
cially the case in the Northern Hemisphere and at a latitude of 20–30° S 
in the Southern Hemisphere, whereas the lowest vertical velocities were 
located at high elevations in the Himalayas and the Andes. Statistical 
results indicate that isotherm velocities are significantly higher at 
lower elevations (slope: −0.285 m per year∙km, degrees of freedom 
(df) = 12,028, t = −4.243, P < 0.001) and higher absolute latitudes (slope: 
0.048 m per year∙deg, df = 12,028, t = 24.163, P < 0.001) in the North-
ern Hemisphere, whereas the magnitude of the effect significantly 
changed in the Southern Hemisphere (P < 0.001 for all interaction 
terms composed of elevation, latitude and hemisphere; see Methods). 
In the Southern Hemisphere, the elevational effect is stronger with a 
more negative slope estimate (slope: −1.178 m per year∙km), but the 
latitudinal effect was completely reversed compared with the Northern 
Hemisphere (slope: −0.040 m per year∙deg). The reversed latitudinal 
effect we detected here is likely to be due to the reduction of land area 
towards higher absolute latitudes in the Southern Hemisphere, where 
oceans predominate over landmasses, leading to a relatively higher 
water vapour pressure (Extended Data Fig. 2b) and consequently a 
lower temperature rate (Extended Data Fig. 2c). We further analysed 
the effects of changes in surface temperature and the MALRT on the 
rates of isotherm shift with elevation (Supplementary Fig. 1). We found 
no significant linear correlation between the rate of surface tempera-
ture change and elevation when the effect of latitude was statistically 
controlled. However, the MALRT becomes steeper with increasing 
elevation, leading to lower vertical velocities of isotherm shifts at 
higher elevations compared with lower elevations (that is, a steeper 
MALRT corresponds to lower vertical velocities of isotherm shifts). On 
islands in the Northern Hemisphere, we found higher vertical veloci-
ties of isotherm shifts (7.46 ± 2.33 m per year) exceeding, on average, 
the mean vertical velocity we found across all main continents in the 
Northern Hemisphere (6.29 ± 2.61 m per year; Fig. 4d,e; df = 3, F = 352.9, 
P < 0.001). These results suggest that mountain islands in the Northern 
Hemisphere are even more threatened by the effects of climate change 
than are mountains on the mainland, and this poses a high threat to 
island biodiversity given that mountain islands have many endemic 
species26,27. However, mountain islands in the Southern Hemisphere 
do not show vertical velocities of isotherm shifts that are as high as 
those in the Northern Hemisphere (Fig. 4e).

Next, we used our estimates of the vertical velocities of isotherm 
shifts in mountains and linked them to empirical data on the veloci-
ties of species range shifts along mountain slopes. We used a carefully 
curated dataset—BioShifts4—which provides the vertical velocities of 
species range shifts (in m per year along elevation gradients) per taxo-
nomic unit after standardizing the raw range shift estimates reported 
by authors in their original studies. Because our analysis shows that 
the MALRT has a much greater explanatory power for predicting the 
velocities of species range shifts than does the SLRT (Supplementary 
Results and Extended Data Fig. 5), we report only on the relationship 
between the velocities of species range shifts along elevation gradients 
and the vertical velocities of isotherm shifts in mountains as calculated 
by the MALRT. Indeed, the Akaike information criterion (AIC) values 
from our models are 35,887, 37,016 and 51,398 for the MALRT, con-
stant LRT and SLRT, respectively, ranking from best to worst in terms 
of model fit. This discrepancy between the MALRT and the SLRT is 
likely to be due to the fact that the satellite (MODIS) data measure the 
actual land surface temperature, which is influenced by microscale 
surface properties such as albedo, emissivity, rock type and vegetation 
cover. Hence, for the SLRT, the calculated lapse rate is characterized 
by considerable noise. Moreover, the SLRT data are available mainly 
in cloud-free conditions, which intensify these spatial variations. As 
a consequence, satellite data present several limitations, and thus 
have a limited capacity to explain species range shifts compared with 
insights obtained from theoretical calculations of the MALRT. Compar-
ing the vertical velocities of isotherm shifts based on the MALRT with 
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Fig. 4 | The velocities of climate change (1971–2020) along latitude–elevation 
gradients and in mountain islands. a, Mean climate velocity of mountains 
worldwide. Mountain summits are labelled for reference. b,c, The corresponding 
s.d. (b) and sample size (c) for a. d, Mean climate velocity of mountain islands. 
The s.d. and sample size for d can be found in Supplementary Fig. 3. The colour 
legend in d is the same as in a. e, The comparison between mainland and islands 
in the Northern and Southern hemispheres relies on ANOVA and post-hoc Tukey 
HSD tests. Other than the P = 0.002 between Southern Hemisphere mainland 
(S. Mainland) and Southern Hemisphere island (S. Island) (by Tukey HSD test), 
P < 10−16 is shown in all statistics (labelled as ***). The centre line of the box plot 
represents the median; box limits, upper and lower quartiles; whiskers,  
1.5 times the interquartile range. The sample sizes for S. Mainland, S. Island, 
Northern Hemisphere mainland (N. Mainland) and Northern Hemisphere island 
(N. Island) are 1,222, 199, 10,331 and 284, respectively. f, Observed species range 
shifts against the vertical velocities of isotherm shifts. Areas labelled as ‘not 
applicable’ (in grey) denote instances in which the number of records in a 
taxonomic group falls below the stipulated minimum (in this case, 30) required 
to conduct a meaningful statistical comparison to the predicted environmental 
climate velocities. g, The different probabilities of species tracking climate 
velocities under a P = 0.05 threshold. Only mean values are shown. Upward and 
downward shifts are shown together with their absolute values. For results 
based on different P value thresholds, see Extended Data Fig. 6d,e. A total of 83 
taxon–region pairs are plotted. Each plot represents 1 to more than 400 raw 
data points. See Extended Data Fig. 6b,c for details and Supplementary Fig. 4 
for raw data points. All statistics used a two-tailed approach without adjustment 
for multiple comparisons.
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the observed rates of species range shifts, the probability that a given 
taxonomic unit tracks the vertical velocities of isotherm movements 
decreases sharply with increasing absolute velocities of isotherm shifts 
(Fig. 4f,g). Thus, we found that species seem to track climate change 
only at lower velocities along the elevational gradients, irrespective of 
the taxonomic group (Fig. 4g, Extended Data Fig. 6d,e and Extended 
Data Fig. 7). These results reveal the potentially catastrophic effects of 
rapid climate change on mountain biodiversity. Although the MALRT 
will probably undergo changes over time owing to temporal variations 
in the spatial distribution of temperature and water vapour along eleva-
tion gradients, it is important to note that the effects resulting from a 
shallow MALRT are expected to be worrisome.

Our assessment of mountain climate velocity yields a mechanistic 
understanding of the variability in mountain climate change globally. 
The thermodynamic theories of the MALRT, which consider water 
vapour and latent heat release, suggest that threats to mountain biodi-
versity can occur in the absence of rapid surface warming. As our range 
shift analysis shows, species are unlikely to track isotherms quickly 
enough to match the high velocities at which isotherms are moving 
along some elevation gradients. Our results suggest that the vertical 
distance between isotherms in mountains is a crucial factor driving 
species migration. Likewise, on the basis of thermodynamic theory, 
colder and drier conditions at higher elevations make temperature 
lapse rates steeper, which, in turn, leads to a contraction of the verti-
cal distance separating isotherms (that is, isotherm spacing contracts 
when projected on the vertical axis), generating lower vertical veloci-
ties of isotherm shifts. This suggests that in many mountain regions, 
the vertical shift of isotherms decreases with increasing elevation. 
From the perspective of isotherms shifting upslope owing to warm-
ing, higher elevations will experience a slower rate of isotherm shift, 
meaning that organisms can reach habitats with suitable temperatures 
by moving shorter vertical distances. However, a steeper temperature 
lapse rate also means that the environment changes more rapidly with 
elevation. Therefore, in the case of mountains with a broader base and 
narrower peaks28, warming might result in a reduction of habitat area 
for organisms. Because the shape of a mountain affects the amount of 
habitat available to organisms28, understanding the velocity of climate 
change, as well as quantifying the suitable habitat area under warming 
conditions, will be essential for understanding the effects of climate 
change on mountain biodiversity.

Moreover, our findings suggest that all taxonomic groups will be 
similarly affected in their abilities to track isotherms along mountain 
slopes. Considering that the distance of climate tracking is several 
orders of magnitude shorter in elevation compared with latitudinal 
gradients, the moving capability of organisms is less likely to be the 
key constraint in mountain systems. Mountainous regions, with their 
complex topography, occupy a relatively smaller proportion of land-
masses compared with other terrains in the lowlands28. As described 
above, the available habitat area for organisms in mountain regions is 
influenced by the shape of the mountain, and many mountains exhibit 
a reduction in area with increasing elevation. This, combined with 
biotic interactions such as interspecific competition29,30, might col-
lectively limit the ability of mountain species to track isotherm shifts 
in the future. Mountains that we identified as facing high risks under 
climate change are particularly threatened by biotic attrition17, biotic 
homogenization31, population extirpation32–34 and changing ecosys-
tem properties35. Many of these mountains are located in biodiversity 
hotspots (for example, Sundaland, Irano-Anatolia, southern Africa, the 
Mediterranean basin, the Atlantic forest, Mesoamerica, the Califor-
nia Floristic Province and Japan)36,37, reinforcing the need to develop 
climate-change adaptation strategies for the conservation of mountain 
biota. Other climatic drivers and mechanisms such as precipitation, 
snow albedo, radiation flux variability, aerosols and land-use changes 
can also influence energy balance regimes and further mediate moun-
tain climates5,38,39. Despite many efforts to collect data on species range 

shifts in mountainous regions, the vast majority of data on species 
range shifts are still concentrated in Europe and North America4. This 
also creates uncertainty in assessing the biological effects of climate 
change at a global extent.

We emphasize that our results are crucial for assessing the vulner-
ability of mountain regions to climate change globally. By integrating 
surface temperature and water vapour pressure data with a thermo-
dynamic model, we are able to make effective qualitative comparisons 
of global lapse rates and identify regions with comparatively higher 
or lower climate velocities. In particular, this approach enhances the 
explanatory power of our methodology over other existing methods 
(such as satellite data analysis) for assessing global species range shifts. 
However, it is important to recognize that our thermodynamic model 
still suffers from a low predictive accuracy when compared with field 
measurements of temperature lapse rates, and we cannot accurately 
quantify local-scale lapse rates solely on the basis of thermodynamic 
models. This highlights the need for refined mountain meteorological 
networks along elevational gradients to improve our holistic under-
standing of the processes that underlie local temperature lapse rates 
along mountain slopes. Furthermore, some studies have shown that 
changes in precipitation patterns can affect the range shifts of mountain 
species15,40, but historical data on precipitation patterns along moun-
tain slopes are extremely scarce compared with data on temperature 
lapse rates. For that reason, establishing weather stations that also 
monitor precipitation patterns along mountain slopes remains key for 
assessing the large-scale effects of precipitation changes on mountain-
ous organisms. We call for the establishment of networks to monitor 
climate change and its effects in mountain biodiversity hotspots, espe-
cially in mountains that are threatened by high velocities of isotherm 
shifts, such as those we have identified in our study.
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Methods

Approaches for mapping the LRT
Before producing global maps of the vertical velocities of isotherm 
shifts across mountain regions worldwide, we first had to compute 
global maps of the LRT. To do this, and as well as using a constant 
LRT for comparison purposes, we used two different approaches for 
mapping the LRT. On the one hand, we used a statistical or correla-
tive approach relying on satellite observations (SLRT). On the other 
hand, we used a more mechanistic approach that relies on the laws of 
thermodynamics to account for the effect of air moisture (MARLT). 
Please note that all statistical tests were performed using a two-tailed  
approach.

Assessing the LRT through satellite observations
In assessing the SLRT, we focused on daily land surface temperature 
data from the MODIS Land Surface Temperature and Emissivity 
(MOD11C3) product41. These data, encompassing the period 2011–2020 
and featuring a native spatial resolution of 1 km at the equator, were 
averaged from both daytime and night-time observations. Monthly 
mean values from this product were aggregated at an annual resolution 
to derive the mean annual temperature, which was subsequently aver-
aged over the 2011–2020 decade. To harmonize the spatial resolution 
for subsequent computations with other gridded products relying 
on the Climate Research Unit (CRU) Time-Series (TS) 4.05 data, the 
MODIS data were aggregated, using the mean value, from their native 
spatial resolution to a 0.05° resolution (Extended Data Table 1), which 
is approximately 5 km at the equator, ensuring that there were ample 
grid cells for subsequent analyses. Using a moving window centred 
on a grid cell of 0.5° resolution, which is about 50 km at the equator, 
elevational transects were derived to empirically compute the LRT 
from satellite observations. This involved pinpointing regional peaks 
and foothills in a 1.5° by 1.5° window centred on the target grid cell of 
0.5° resolution, with elevation data sourced from a digital elevation 
model (DEM) that was aggregated to match the 0.05° resolution of the 
aggregated MODIS grid (Extended Data Fig. 1a). From these peaks and 
foothills, elevational transects connecting the nearest topographical 
features were established (Extended Data Fig. 1b,c). Linear regressions 
between mean annual temperature and elevation, both at the 0.05° 
resolution, were subsequently fitted for each transect intersecting 
the target 0.5° grid cell (Extended Data Fig. 1d–f). All pixel units inter-
sected by a focal transect were considered, even if only marginally. 
Transects yielding significant lapse rates (R2 ≥ 0.5 and P ≤ 0.05) were 
retained, with the slope coefficient (β) representing the SLRT value 
in °C per m (later converted to °C per km). If more than ten transects 
intersected a target 0.5° grid cell, the median SLRT value was calcu-
lated to mitigate biases from transect count extremities. Within the 
framework of our SLRT computations, the median transect count 
per grid cell was 8, with an interquartile range of 12 (Extended Data 
Fig. 8a,b). We noticed that a higher transect availability in a grid cell 
was correlated with increased average R2 values between temperature 
and elevation (R2 = 0.16, P < 0.001; Extended Data Fig. 8c), underscor-
ing the dependency of the reliability of the SLRT on the number of 
accessible transects.

Assessing the LRT from first principles
To compute the MALRT, we extracted monthly mean temperature and 
monthly mean water vapour pressure data from the gridded CRU TS4.05 
database (at 0.5° spatial resolution), covering the decade 2011–2020 to 
match the time period covered by satellite observations (see ‘Assessing 
the LRT through satellite observations’). In the CRU TS4.05 dataset, 
both monthly mean temperature and monthly mean water vapour 
pressure were derived from local weather stations and processed to 
obtain the final values42,43. The MALRT of each grid cell was computed 
using the following formula:
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where Гw is the moist adiabatic lapse rate in Kelvin per metre, g denotes 
Earth’s gravitational acceleration (9.8076 m per s2), Hv denotes the heat 
of vaporization of water (2,501,000 J kg−1), Rsd denotes the specific gas 
constant of dry air (287 J kg−1 K−1), ϵ denotes the dimensionless ratio 
of the specific gas constant of dry air to the specific gas constant for 
water vapour (0.622), Cpd denotes the specific heat of dry air at con-
stant pressure (1,005 J kg−1 K−1) and T denotes the air temperature (K). 
The parameter γ is the mixing ratio of the mass of water vapour to the 
mass of dry air:

γ ϵe p e= /( − )

where e represents the water vapour pressure of the air and p represents 
the pressure of the air. Here, p was derived from the barometric formula 
(see Supplementary Methods).

The processing of climatic variables (from monthly data to annual 
data) was done using Python v.3.7.9. Note that the original MARLT  
values, expressed in Kelvin per metre, were subsequently transformed 
into °C per kilometre for comparative purposes with the SLRT and 
the constant LRT. The increase in mean annual surface temperature 
and mean annual water vapour pressure both cause a decrease in the 
MALRT (see Fig. 1c).

For comparison purposes, the same approach was also applied to 
the datasets available from the ‘Climatologies at high resolution for 
Earth’s land surface areas’ data (CHELSA v2.1)44 after the datasets were 
aggregated from the native spatial resolution at 1 km to 0.5° spatial reso-
lution, using the mean value. Note, however, that the data are available 
only for the period 2011–2019 and do not entirely cover the 2011–2020 
decade. Information on water vapour is not available in CHELSA, so 
water vapour was derived by multiplying relative humidity and the 
saturated water vapour obtained by applying the Clausius–Clapey-
ron equation45. This derived MALRT using CHELSA data shows high 
consistency with that derived from the CRU dataset, with the strength 
of the correlation varying slightly depending on the elevation band 
considered (ranging from 0.79 to 0.96, P < 0.001; Extended Data Fig. 9).

Computing the vertical velocities of isotherm shifts
To assess the vertical projection of the velocities at which isotherms 
are moving along elevation gradients in mountain regions as the cli-
mate is warming globally, we combined information on the spatial 
variation, at 0.5° spatial resolution, of the LRT, assessed through either 
the SLRT or the MALRT method, with data on the rate of temperature 
change over time per spatial unit. For computing the temporal rate of 
temperature change per spatial unit of 0.5° resolution, we used mean 
annual temperature time series from the gridded CRU TS4.05 dataset 
covering the period 1971–2020. More specifically, for each spatial unit 
of 0.5°, we first averaged the mean annual temperature for the periods 
1971–1980 versus 2011–2020 before computing the difference between 
the two and dividing this difference by the time duration in years  
(40 years), so that the magnitude of temperature change was expressed 
in °C per year. The gridded layer of temporal changes in mean annual 
temperature between 1971–1980 and 2011–2020 was subsequently 
divided by the gridded layer of either the SLRT or the MARLT, expressed 
in °C per km, such that the vertical projection of velocity values on a map 
is expressed in km per year. For further comparison with the velocities 
of species range shifts, usually reported in m per year, we multiplied the 
vertical velocity map by 1,000 so that the unit is in m per year. Finally, 
we also generated a map of the vertical velocities of isotherm shifts in 
mountain systems using a constant LRT of 5.5 °C per km to be used as a 
control for what is usually done in the scientific literature to compute 
the vertical velocities of isotherm shifts in mountains11,46,47.



Comparing and validating LRTs against station-based measures
To validate our maps of the SLRT and MALRT, we used an external data-
set of the LRT along elevation gradients by relying on field observations 
from local weather stations. We extracted time series of monthly tem-
perature data from several weather stations belonging to the Global 
Historical Climatology Network that extend to 2019 (ref. 23). First, we 
selected weather stations covering the period 2011–2019: (1) when 
more than eight years of data were available; and (2) only if more than 
10 months were recorded per year. Then, to match our gridded LRT 
values with station-based LRT values, we selected only the weather 
stations that are located within or in the vicinity of each grid cell belong-
ing to a given mountain region. In particular, we collected data from 
the weather stations located within the central grid itself along with 
weather stations located within the eight adjacent grid cells, forming 
a nine-cell cluster, which we term a ‘mountain site’, within a mountain 
region, for ease of reference. Mountain sites that included at least three 
weather stations at different elevations were used for the computation 
of the station-based LRT. After excluding two extreme outliers from 
the set of station-based LRT values we computed, we ran two separate 
linear models (with two-tailed statistical tests) to assess the relationship 
between station-based LRT values (the response variables) and either 
MALRT or SLRT values as separate explanatory variables.

Identifying the mountain regions that are most threatened by 
climate change
We can use the climate velocities calculated above, which carefully con-
sider the spatial heterogeneity that affects the LRT, to determine which 
mountains around the globe are threatened by the highest velocities 
of isotherm shifts as a surrogate of the vulnerability risk for moun-
tain biota as climate warms. We simultaneously considered both the 
MALRT- and the SLRT-based approaches (Fig. 2d–i) to accommodate 
the heterogeneity of climatic conditions that is inherent to the com-
plex topography and sparse instrumental data available in mountain 
regions. We defined high-risk mountain areas as those with velocity 
values of isotherm shifts exceeding the 80th percentile calculated 
by either method (Fig. 2f,i). The threat level was then defined by the 
intersection or union of the highest 20% or 10% velocities of isotherm 
shifts of either method (Fig. 3a,b). Given that SLRT values close to 0 will 
provoke extremely high climate velocities, we removed 1% of outliers 
that were close to zero when we plotted Fig. 3c. Other levels of outlier 
removal (0.5%, 2% and 5%) can be found in Supplementary Fig. 2.

Analysing the distribution of vertical velocities in the elevation–
latitude plane
In addition to mapping the spatial distribution of the vertical projec-
tion of the velocities at which isotherms are shifting along mountain 
slopes worldwide and to better understand how velocity values dis-
tribute along elevation gradients at a global extent, we investigated 
the distribution of vertical velocity values across the bidimensional 
space of the elevation–latitude plane. Because the exposure to climate 
warming is greater at higher elevations5,16 and towards higher latitudes 
in the Northern Hemisphere48, we expect a non-random distribution 
of vertical velocity values in the elevation–latitude plane. Because the 
MALRT mechanistically incorporates the effects of surface temperature 
and water vapour pressure on the vertical velocities of isotherm shifts, 
and the biological analyses also suggest the importance of the MALRT 
over the SLRT in explaining the observed variation in the velocities of 
species range shifts (see Supplementary Information), we decided to 
focus solely on the MALRT-based velocity map to analyse the distribu-
tion of velocity values in the elevation–latitude plane. To do that, we 
reorganized all 12,036 spatial units from the MARLT-based velocity 
map at 0.5° resolution into a raster image with pixel units of 250-m 
resolution along the elevation axis and 2° resolution along the latitude 
axis. For each cell of the elevation–latitude plane, we computed and 

plotted the mean vertical velocity as well as the standard deviation 
and the sample size.

In the case of mountain islands, we repeated the above analysis for 
the elevation–latitude plane representation but relied on spatial data 
at finer resolution. Islands are defined as landmasses smaller than 
Australia and surrounded by water49. In this study, the DEM that we 
used is derived from the Shuttle Radar Topography Mission (SRTM)50 
rather than from the CRU’s DEM. The SRTM50, boasting a finer spatial 
resolution of 30 m, offers superior suitability for island detection, 
particularly for insular landforms proximate to the coast that remain 
unconnected to the mainland. Greenland is not included because it 
is not surrounded by the ocean in the dataset. These analyses were 
run in Wolfram Mathematica v.12 (ref. 51). The comparison between 
mainland and island velocities of isotherm shifts was done separately 
for the Northern and Southern hemisphere by the mean of a one-way 
ANOVA with post-hoc Tukey HSD test52.

To test whether the vertical velocities of isotherm shifts are greater 
at higher elevations in general and greater towards higher latitudes in 
the Northern Hemisphere, we ran a multivariate least square regression 
with elevation, absolute latitude, hemisphere (a factor variable with 
two levels: Northern versus Southern), the two-way interaction terms 
between all possible combinations of two of the three independent 
variables as explanatory variables explaining the mean vertical velocity 
of isotherm shifts, and also the three-way interaction terms (elevation, 
absolute latitude and hemisphere). This analysis was done on the basis 
of the original raster map (longitude–latitude) before summarizing 
into latitude–elevation dimensions.

Probability of species tracking isotherms: comparing biological 
and climate velocities
We used the BioShifts database4 which provides quantitative data on 
the velocities of species range shifts (in m per year along the eleva-
tion gradient). To assess how the vertical velocities of isotherm shifts, 
after incorporating the spatial variation in the MALRT, relate to the 
observed velocities of species range shifts along elevation gradients, 
we first extracted empirical observations of species range shifts along 
the elevation gradients of mountain regions as delineated by original 
studies, thus excluding latitudinal range shifts. Then, we extracted the 
vertical velocity values for isotherms at the centroid of a given moun-
tain region for which we could retrieve elevational range shift data 
from BioShifts (https://doi.org/10.6084/m9.figshare.7413365.v1). To 
avoid substantial spatial variation from studies conducted on a larger 
spatial extent, such as those spanning national or continental areas, 
we specifically chose datasets covering a spatial extent that approxi-
mates the resolution of our environmental dataset (0.5°). Hence, we 
focused on spatial features or polygons (that is, the spatial delineation 
of the study areas) smaller than approximately 100 km × 100 km (1° × 1°)  
to ensure that the environmental variables at the centroids of these 
polygons were less susceptible to spatial variation. A total of 5,452 
datasets were retained for our subsequent analyses. To achieve this, 
we superimposed the centroid of the spatial polygons or shapefiles, as 
provided in the BioShifts database, of each of the selected study areas 
associated with elevational range shift data onto the MALRT-based 
velocity map. Here, we decided to focus solely on the MARLT-based 
map of the vertical velocities of isotherm shifts, because the MALRT 
is better correlated to the velocities of species range shifts than the 
SLRT is (see Supplementary Information).

Then, we computed the likelihood that a specific species from a des-
ignated taxonomic group (plants, birds, mammals, gastropods, insects, 
amphibians or reptiles; details provided in the Supplementary Informa-
tion) tracks the vertical velocities of isotherm shifts within a particular 
mountainous area. To achieve this, we randomly resampled a fixed 
number of elevational range shift observations for each taxonomic 
group in each mountain region. This ensured relatively consistent and 
balanced sample sizes across all of the examined mountain regions 

https://doi.org/10.6084/m9.figshare.7413365.v1
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and taxonomic groups. More specifically, for each taxonomic group 
in each mountain region (that is, the source region provided in the 
original dataset4 and available as shapefiles (.shp files) in the BioShifts 
database), we set the maximum sample size to n (see below for a sensi-
tivity analysis on the effect of n) and resampled n records if the number 
of records was greater than n (see Extended Data Fig. 6a). If the total 
number of records for a given taxonomic group in a given mountain 
region was less than n, all records were used. The randomly sampled 
data on the observed velocities of range shifts were then compared 
to the corresponding set of vertical velocity values as obtained from 
the MALRT-based velocity map for that focal mountain region. To test 
for statistical differences between the two, we used a nonparametric 
method—the bilateral Wilcoxon signed rank test. This procedure (plot-
ting and statistical comparison using a Wilcoxon signed rank test) was 
then iterated 1,000 times (see Extended Data Fig. 6a) and we calculated 
the number of iterations in which the empirical velocities of species 
range shifts did not differ significantly from the corresponding vertical 
velocities of isotherm shifts (that is, did not reach the significance level 
of P < 0.05; see Extended Data Fig. 6) and divided it by the total number 
of iterations (1,000). The obtained proportion value, ranging between 
0 and 1, gives the probability that a given focal taxonomic group has 
more or less tracked the vertical velocity of isotherm shifts in the focal 
mountain region as the climate warms globally. A logistic-type (probit) 
function was then applied to estimate the probability curve. We also 
performed a sensitivity analysis by setting different maximum sample 
sizes for n (10, 20, 30, 40, 50, 60, 70, 80, 90 and 100), and the results 
became stable when n was larger than 30 (Supplementary Data 2), so 
we decided to set n = 30 to address the problem of studies with a small 
sample size. The data processing and statistical analysis in this section 
were done in R v.4.04 (ref. 53).

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available in the 
paper and at https://doi.org/10.5061/dryad.1rn8pk0wm. CRU TS4.05 
is available at https://crudata.uea.ac.uk/cru/data/hrg/; MOD11C1 
at https://lpdaac.usgs.gov/#nav-heading; MOD11C2 at https://
lpdaac.usgs.gov/#nav-heading; MOD11C3 at https://lpdaac.usgs.
gov/#nav-heading; EarthEnv at https://www.earthenv.org/; ETOPO1 
at https://www.ncei.noaa.gov/products/etopo-global-relief-model; 
SRTM at https://www.earthdata.nasa.gov/sensors/srtm; GMBA at 
https://www.gmba.unibe.ch/services/tools/mountain_inventory_v1; 
CHELSA at https://chelsa-climate.org/; GHCN at https://www.drought.
gov/data-maps-tools/global-historical-climatology-network-ghcn; and 
BioShifts at https://doi.org/10.6084/m9.figshare.7413365.v1.  Source 
data are provided with this paper.
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Extended Data Fig. 1 | Diagram illustrating the calculation of SLRT. a, 10 × 10 
grids (all at 0.05-degree spatial resolution) of the DEM were included in a target 
grid (0.5-degree spatial resolution). b, Mountain peaks and feet/valleys are 
automatically searched and identified. c, A transect can be defined by a 
peak-foot/valley pair. d, An exemplar transect on the land surface temperature 
map (at 0.05-degree spatial resolution). e, The elevation and the mean annual 

temperature data across 2011–2020 along the exemplar transect are specified. 
f, The relationship between mean annual temperature and elevation. The data 
points were extracted according to e. The regression line is provided as the 
orange solid line, where the slope (beta in the regression model) is considered 
as the lapse rate of a transect.
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Extended Data Fig. 2 | Map of temperature (2011–2020), water vapour 
(2011–2020) and rate of temperature change over time (1971–1980 
 versus 2011–2020) in global mountains. a, Averaged mean annual 
temperature (2011–2020). b, Averaged mean annual water vapour (2011–2020). 
c, Temperature differences between the two periods divided by the temporal 
period (40 years). Note that the colour scheme does not show the full range of 
data to prevent highly skewed visualization driven by extreme outliers.



Extended Data Fig. 3 | Comparison between MALRT, SLRT and weather- 
station-based LRT. a,b, Scatterplots show MALRT values against station-based 
LRT values (a) and SLRT values against station-based LRT values (b) for available 
mountain sites (n = 48). Two conspicuous outliers (circled in grey) derived from 

the weather-station data were excluded. The regressive slopes of the plots  
are labelled. The statistics were done using a two-tailed approach without 
adjustment for multiple comparisons.
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Extended Data Fig. 4 | Comparative analysis of temperature rate and MALRT 
in relation to water vapour. a,b, SHAP (SHapley Additive exPlanations) value 
distributions that elucidate the model’s decision-making process under low (a) 
and high (b) water vapour conditions. In these sub-figures, each point signifies 
a prediction made by the model. They are coloured according to the feature’s 
(temperature rate and MALRT) value, creating a spectrum that indicates the 
feature’s effect; warmer colours symbolize higher values and cooler colours 

represent lower values. The x axis demonstrates the SHAP values, portraying 
the magnitude and direction of a feature’s effect on the model’s output, with 
negative values suggesting a decrease and positive values indicating an 
increase in the prediction. c,d, Histograms of temperature rate (c) and MALRT 
(d) under conditions of high (blue) and low (orange) water vapour. The x axis 
corresponds to temperature rate and MALRT, measured in °C per year; the y 
axis represents the frequency of occurrence.



Extended Data Fig. 5 | Relative importance of variables in explaining the 
velocities of species range shifts on the basis of a random forest model. 
Different columns indicate different datasets. a,b, Models include the basic 
geographical factors (latitude and longitude) as well as the vertical velocities  
of isotherm shifts (Clim. V.) derived from either the MALRT (a) or the SLRT (b). 

c, Models consider all possible factors influencing the velocities of species 
range shifts (Supplementary Methods). The centre and the error bars indicate 
mean and s.d., respectively. Sample sizes for datasets filtered for upward shifts, 
downward shifts and all directions are 3,635, 1,401 and 5,452, respectively.
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Extended Data Fig. 6 | Probability of tracking the vertical velocities of 
isotherm shifts (climate velocities) for mountain species. a, Diagram 
summarizing how the probability of tracking climate velocities was calculated 
(i = 1,000). b, Replicate of Fig. 4f with colour-labelled exemplar taxonomic 
groups. The raw values are shown in c. The centre line of the box plot represents 
median; box limits, upper and lower quartiles; whiskers, 1.5 times the 
interquartile range. The sample size for three examples are 219 (green), 372 

(blue) and 433 (orange). d,e, The different probabilities of species tracking 
climate velocities under different P thresholds (P = 0.01 (d) and P = 0.001 (e)).  
A total of 83 taxon–region pairs are plotted. Each plot represents 1 to more  
than 400 raw data points. Only mean values are shown. Upward and downward 
shifts are shown together with their absolute values. For raw data points, see 
Supplementary Fig. 4. The statistics were done using a two-tailed approach 
without adjustment for multiple comparisons.



Extended Data Fig. 7 | Maximum trackable climate velocities based on SLRT 
and constant lapse rate. a,b, Velocities based on SLRT. c,d, Velocities based 
on constant lapse rate (5.5 °C per km). The relationships between observed 

shifting rate and elevational climate velocities are shown in a,c. Only mean 
values are shown. The probabilities that species may track climate velocity are 
shown in b,d.
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Extended Data Fig. 8 | Influence of the number of available transects on 
SLRT results. a, Distribution of the number of available transects. b, Correlation 
between the number of available transects and the SLRT interquartile range.  
c, Correlation between the number of available transects and the averaged R2 
between elevation and temperature. Blue lines indicate simple regression 

between the two variables, with statistics labelled at the bottom right of each 
panel. Orange lines represent LOESS (locally estimated scatter plot smoothing) 
lines. The statistics were done using a two-tailed approach without adjustment 
for multiple comparisons.



Extended Data Fig. 9 | Comparison between CHELSA and CRU data in global 
mountain regions (2011–2020). a–d, Comparisons of MALRT at different 
elevational ranges (0–1,000 m (a); 1,000–2,000 m (b); 2,000–3,000 m (c); and 
more than 3,000 m (d)). Statistics are labelled at the bottom right of each 
panel. Significance levels are indicated: ***P < 10−16. The statistics were done 
using a two-tailed approach without adjustment for multiple comparisons.
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Extended Data Table 1 | Climatic and environmental variables used in this study

The spatial resolution and temporal span are also shown. aA data provider may provide a dataset with multiple resolutions, which were calculated from the original one with the finest resolution. 
bThe resolution of each data layer may change in different steps of our calculation, so the resolution used in the main calculation is provided. cNo specific version is provided. See refs. 54–60.
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